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ABSTRACT 
 

The Oriented Difference-of-Gaussians (ODOG) model of brightness perception is based 
on linear spatial filtering by oriented receptive fields followed by contrast/response 
normalization. The ODOG model can parsimoniously predict the perceived intensity 
(brightness) of regions in many visual stimuli including White's effect. Unlike competing 
explanations such as anchoring theory, filling-in, edge-integration, or layer 
decomposition, spatial filtering by the ODOG model accounts for the gradient structure of 
induction which, while most striking in grating induction, also occurs within the test fields 
of classical simultaneous brightness contrast and the White stimulus. Because the ODOG 
model does not require defined regions of interest it can be applied to arbitrary stimuli, 
including natural images. We give a detailed description of the ODOG model and illustrate 
its operation on the Black and White Mondrian stimulus similar to that used by Land & 
McCann [31] to demonstrate their Retinex model of lightness perception/constancy.  
 

1. INTRODUCTION 
 

The Oriented Difference-of-Gaussians (ODOG) model of Blakeslee & McCourt [6] was 
developed to gauge the degree to which “early” processes in the visual system, such as 
spatial filtering and contrast/response normalization, could account for human brightness 
(perceived intensity) percepts in a set of canonical stimuli including the White effect   

[4,45,46,47], classical simultaneous brightness contrast (SBC) 

 [25] and grating induction (GI) 

 

[5,20,34,36,37,49]. The ODOG model successfully predicts changes in the magnitude of the 
White effect [9] and GI  

[11] as a function of inducing grating spatial frequency, and the 
pattern and magnitude of brightness variations in many other stimuli including the 
Hermann Grid [8], the Gelb Staircase  

[16,17], the Wertheimer-Benary Cross [4,7,8], Howe's 
variations on White's stimulus  

[15,28], Todorovic's 

 [44] and Williams, McCoy, & Purves’    

[48] 
variations on the SBC stimulus    

[6,12], the checkerboard induction stimulus of DeValois & 
DeValois [9,19], the shifted White stimulus [9,46], Adelson's Checker-Shadow 

[1,12] and 
Corrugated Mondrian stimuli     

[1,8], including Todorovic's variation [7,8,44], Adelson's Snake 
stimulus [2,8,12,42], Hillis & Brainard's Paint/Shadow stimulus 

[12,27], so-called "remote" 
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brightness induction stimuli [8,10,32,41], and in the probe discs placed in the photographs of 
Cartier-Bresson [12,22].  
 
Unlike a variety of competing explanations for human brightness perception which include 
anchoring theory [22,23], filling-in [24], edge-integration [31,39,40], and layer decomposition [3], 
the ODOG model accounts for the often overlooked but ubiquitous gradient (viz., non-
uniform) structure of induction which while most conspicuous in grating induction 
[6,13,29,30,34,35], also occurs in the Hermann grid [26,43], the Chevreul staircase [18], Mach 
Bands [33], and in both classical simultaneous brightness contrast and the White stimulus 
[6,14]. Since the output of the ODOG model is spatially continuous it can be applied to 
arbitrary stimuli, including natural images. 
 
The utility of the spatial filtering approach embodied by the ODOG model is its success 
in accounting for brightness percepts in a wide variety of stimuli, ranging from simple to 
complex, without the adjustment of any parameter values, and its parsimony, which acts 
as a scientifically necessary counterweight to high-level theories which rely on vaguely 
specified mechanisms such as unconscious inference, perceptual transparency, Gestalt 
grouping, and the like. Below we provide a detailed description of the ODOG model and 
illustrate its operation on Mondrian stimuli similar to those used by Land & McCann [31] to 
demonstrate their Retinex model of lightness perception/constancy. 
 

2. THE ODOG MODEL 
 
2.1 ODOG Filters 
 
The ODOG model is graphically illustrated in Figure 1. The model is based on 42 oriented 
difference-of-gaussians filters (Fig. 1a) which represent cortical receptive fields. There 
are seven spatial scales spaced at octave-intervals (Fig. 1b), and six orientations spaced 
at 30o intervals (Fig. 1d). Input patterns are linearly processed by each filter and the filter 
outputs are combined using a weighting (Fig. 1c) which approximates the shallow low-
frequency falloff of the suprathreshold contrast sensitivity function [21]. 
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Figure 1: ODOG model applied to White’s stimulus. Panel (a) illustrates the spatial structure of an 
ODOG filter. Panel (b) illustrates that seven filters at octave-interval spatial scales are summed at 
each filter orientation. Panel (c) shows the center frequencies of the seven ODOG filters and their 
relative weighting. Panel (d) illustrates the six channel orientations of the ODOG filters summed 
across scale. Panel (e) shows the White stimulus. Panel (f) shows the result of convolving each 
stimulus with the multiscale orientation channels shown in (d). Note the relatively higher level of 
activity for the horizontally oriented channel. Panel (g) shows root mean squared normalized contrast 
(response) in each orientation channel. Panel (h) shows the summed output across all six contrast-
normalized orientation channels. Panel (i) plots a profile of ODOG model output to the White stimulus 
(black line) and point-by-point brightness matches (open symbols) across the two equiluminant test 
patches, which demonstrate the gradient nature of induction. 

 
The ODOG filters are described by: 

(A.1)  𝑓𝑓𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝜎𝜎1,𝜎𝜎2,𝛼𝛼; 𝑥𝑥1, 𝑥𝑥2) = 1
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where 𝜎𝜎2 >  𝜎𝜎1  > 0 and 𝑦𝑦1,𝑦𝑦2 are rotated variables given by:  

(A.2)  𝑦𝑦1 =  + cos(𝛼𝛼) 𝑥𝑥1 + sin(𝛼𝛼) 𝑥𝑥2  and  𝑦𝑦2 =  − sin(𝛼𝛼) 𝑥𝑥1 + cos(𝛼𝛼) 𝑥𝑥2 
The condition 𝜎𝜎2 > 𝜎𝜎1 ensures that regions of excitation and inhibition are aligned along 
the y1-axis. The filters are simple difference of unit volume gaussians and are thus 
balanced (i.e., total filter volume = 0). 

The Fourier Transform of ODOG filters is:   
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(A.3)  𝐹𝐹𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝜎𝜎1,𝜎𝜎2,𝛼𝛼; 𝑠𝑠1, 𝑠𝑠2) = exp(−2𝜋𝜋2𝜎𝜎12𝑡𝑡22) �exp(−2𝜋𝜋2𝜎𝜎12𝑡𝑡12) − exp(−2𝜋𝜋2𝜎𝜎22𝑡𝑡12)� 

where 𝑡𝑡1, 𝑡𝑡2 are rotated variables such that:  

(A.4)  𝑡𝑡1 =  + cos(𝛼𝛼) 𝑠𝑠1 + sin(𝛼𝛼) 𝑠𝑠2 and 𝑡𝑡2 =  − sin(𝛼𝛼) 𝑠𝑠1 + cos(𝛼𝛼) 𝑠𝑠2 

and six ODOG filters possess orientations at 30o intervals:  

(A.5)  α = 0o, 30o, 60o, 90o, 120o, 150o 

and seven spatial scales arranged at octave intervals:  

(A .6)  𝜎𝜎1 = 0.046875o, 0.09375o, 0.1875o, 0.375o, 0.75o, 1.5o, 3.0o with 𝜎𝜎2 = 2𝜎𝜎1 

2.2 Input Patterns 
 
Input patterns 𝑝𝑝(𝑥𝑥1, 𝑥𝑥2) are images, shown in Fig. 1(e) as a White stimulus [45]. The two 
gray bars atop the black and white bars of the background grating are physically identical, 
yet are dramatically different in brightness. The ODOG model operates on a square patch 
of space subtending 32o x 32o of visual angle. ODOG filters map input patterns 𝑝𝑝 to output 
patterns 𝑞𝑞 (which can be negative): 

(B.1)  𝑞𝑞(𝜎𝜎1,𝜎𝜎2,𝛼𝛼; 𝑥𝑥1, 𝑥𝑥2) =  ∫  𝑓𝑓𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝜎𝜎1,𝜎𝜎2,𝛼𝛼;𝑦𝑦1 − 𝑥𝑥1,𝑦𝑦2 − 𝑥𝑥2) 𝑝𝑝(𝑦𝑦1,𝑦𝑦2)𝑑𝑑𝑦𝑦1ℝ𝑥𝑥ℝ 𝑑𝑑𝑦𝑦2 

2.3 Output Patterns 
 
Let 𝑞𝑞(𝜎𝜎1,𝜎𝜎2,𝛼𝛼, 𝑥𝑥1, 𝑥𝑥2) be the output pattern produced by convolving an ODOG filter with 
spatial parameters 𝜎𝜎1,𝜎𝜎2 and orientation 𝛼𝛼 with a given input pattern 𝑝𝑝(𝑥𝑥1, 𝑥𝑥2), as 
described in (B.1), and shown in Fig. 1(f). The 42 output patterns undergo two additional 
stages of processing. 
   
First, for each orientation 𝛼𝛼 a weighted summation over filter size is obtained: 
 
(C.1)  𝑄𝑄(𝛼𝛼; 𝑥𝑥1, 𝑥𝑥2) = ∫ 𝑤𝑤(𝜎𝜎1)𝑎𝑎𝑎𝑎𝑎𝑎 𝜎𝜎1

𝑞𝑞(𝜎𝜎1, 2𝜎𝜎1,𝛼𝛼; 𝑥𝑥1, 𝑥𝑥2)𝑑𝑑𝜎𝜎1 

where the weight function is 𝑤𝑤(𝜎𝜎1) = �8
3
𝜎𝜎1�

−1 10⁄
 with 𝜎𝜎1 in degrees. The integral is 

approximated by the sum: 
 
(C.2)  𝑄𝑄(𝛼𝛼; 𝑥𝑥1, 𝑥𝑥2) ≃ ∑𝑤𝑤(𝜎𝜎1) 𝑞𝑞(𝜎𝜎1, 2𝜎𝜎1,𝛼𝛼; 𝑥𝑥1, 𝑥𝑥2) 

where the values of 𝜎𝜎1 are given in (A.6) above. 
 
The root mean square magnitude ‖𝑄𝑄(𝛼𝛼; 𝑥𝑥1, 𝑥𝑥2)‖ of the output pattern at each orientation 
𝛼𝛼 is calculated as: 
 
(C.3)  ‖𝑄𝑄(𝛼𝛼; 𝑥𝑥1, 𝑥𝑥2)‖2 = ∫ �𝑄𝑄(𝛼𝛼; 𝑥𝑥1, 𝑥𝑥2)�

2
ℝ𝑥𝑥ℝ 𝑑𝑑𝑥𝑥1 𝑑𝑑𝑥𝑥2 
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and is used to normalize the magnitude of the neural image [38] across orientation 
channels (Fig. 1g).  
 
The final output pattern 𝑅𝑅(𝑥𝑥1, 𝑥𝑥2), shown in Fig. 1(h), is obtained by averaging the 
normalized output patterns over all orientations (0 ≤ 𝛼𝛼 ≤ 𝜋𝜋 rad): 
 
(C.4)  𝑅𝑅(𝑥𝑥1, 𝑥𝑥2) = 1

𝜋𝜋 ∫
𝑄𝑄(𝛼𝛼;𝑥𝑥1,𝑥𝑥2)
‖𝑄𝑄(𝛼𝛼;𝑥𝑥1,𝑥𝑥2)‖𝑎𝑎𝑎𝑎𝑎𝑎 𝛼𝛼  𝑑𝑑𝛼𝛼 

 
The ODOG model approximates the integral by averaging over the six discrete 
orientations which are spaced at intervals of 30o: 
 
(C.5)  𝑅𝑅(𝑥𝑥1, 𝑥𝑥2) ≃ 1

6
∑  𝑄𝑄(𝑘𝑘𝜋𝜋 6⁄ ;𝑥𝑥1,𝑥𝑥2)

‖𝑄𝑄(𝑘𝑘𝜋𝜋 6⁄ ;𝑥𝑥1,𝑥𝑥2)‖
5
𝑘𝑘=0  

 
3. THE ODOG MODEL APPLIED TO THE BLACK AND WHITE MONDRIAN 

STIMULUS OF LAND & McCANN 
 
In introducing the Retinex theory of color constancy Land & McCann [31] described the 
“Black and White Mondrian” experiment where an array of papers which formed a 
Mondrian was illuminated by a single light source located at the base of the array. The 
light provided a vertical gradient of illumination such that a low-reflectance (black) paper 
at the base of the array (near the light source) was made to reflect the same amount of 
light as a high-reflectance (white) paper situated at the top of the array (far from the light 
source). A facsimile of the Land & McCann stimulus is shown in Figure 2(a). Red arrows 
indicate the upper and lower test patches. Despite being equal in luminance (index value 
= 128) the lower test patch appears much darker than the upper test patch. Red horizontal 
lines indicate where profiles of stimulus luminance and ODOG model output are taken. 
Panels (b) and (c) show profiles of stimulus luminance (black lines) and ODOG model 
output (red lines), as a function of spatial position. Light gray shading indicates the 
locations of the test patches. ODOG model output averaged across the upper test patch 
is 151.9 and is 88.1 for the lower test patch. This exercise demonstrates that the spatial 
algorithms embodied by ODOG model predict the direction and magnitude of the 
brightness differences in the “Black and White Mondrian” stimulus (and many others). In 
this respect the ODOG model is similar to the Retinex model, although a significant 
difference is that the ODOG model does not incorporate explicit edge integration, thus 
calling into question the necessity of such a process. 
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Figure 2:  Panel (a) illustrates a facsimile of the original Land & McCann [31] “Black and White 
Mondrian” stimulus. Red arrows point to the upper and lower test patches. The lower test patch 
appears darker than the upper test patch, although they are equal in luminance (index value = 128). 
Red horizontal lines indicate where profiles of stimulus luminance and ODOG model output are taken. 
Panels (b) and (c) show profiles of stimulus luminance (black lines) and ODOG model output (red 
lines), as a function of spatial position. Light gray shading indicates the locations of the test patches. 
ODOG model output averaged across the upper test patch is 151.9 and is 88.1 to the lower test 
patch. Thus, the ODOG model predicts this brightness illusion and is in this respect similar to the 
Retinex mode, although there is no explicit stage of edge-integration. 
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